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The columnar to equiaxed transition (CET) of grain structures associated with processing conditions has been
observed during metallic additive manufacturing (AM). However, the formation mechanisms of these grain
structures have not been well understood under rapid solidification conditions, especially for AM of superalloys.
This paper aims to uncover the underlying mechanisms that govern the CET of AM metals, using a well-tested
multiscale phase-field model where heterogeneous nucleation, grain selection and grain epitaxial growth are
considered. Using In718 as an example, the simulated results show that the CET is critically controlled by the

undercooling, involving constitutional supercooling, thermal and curvature undercoolings in the melt pool,
which dictates the extent of heterogeneous nucleation with respect to the grain epitaxial growth during rapid

solidification.

1. Introduction

The control of grain structures and textures during metallic additive
manufacturing (AM), e.g., nickel-based superalloys [1-4], is critical for
acquiring desirable mechanical properties. However, high energy input
of selective laser melting (SLM) or electron beam melting (EBM) in-
troduces a steep thermal gradient near the melt pool in favor of the
development of columnar grains and thus deteriorating the mechanical
properties of AM metallic builds.

Enormous experimental efforts [5-9] have thus been stimulated to
develop various strategies to refine the columnar grains to the equiaxed
grains, i.e., columnar to equiaxed transition (CET), to achieve favorable
mechanical properties. Price, Cheng, Chou et al. [10,11] have studied
the effects of process parameters and scanning strategies on the mi-
crostructures and mechanical properties during AM of Ti-6Al-4V alloy.
Dinda et al. [2] have demonstrated that the microstructure can be
controlled by varying the laser scanning patterns during laser deposi-
tion of nickel-based superalloys. Unidirectional laser scanning pattern
preferred a fiber texture, while bidirectional laser scanning patterns
produced the rotated cube texture. More detailed investigations about
the texture-controlled of direct laser fabricated IN718 have been stu-
died by Parimi et al. [12]. They found that, at the lower laser powers,
both unidirectional and bidirectional scanning patterns developed the
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banded grain structures including the inclined columnar grains and fine
equiaxed grains in one layer (see Fig. 3b). However, very large co-
lumnar grains were generated along the building direction at higher
laser powers. To achieve the CET of grain structures, Raghavan and
Babu et al. [13,14] have proposed a spot melting scan strategy for the
EBM of nickel-based superalloys, which successfully manipulated the
grain structures and crystallographic textures of the printed compo-
nents. However, direct observations of gran structure evolutions were
quite difficult due to the rapid solidification during metallic AM. The
fundamental understanding about the formation mechanisms of CET of
grain structures essentially associated with the undercooling, AT,
thermal gradient, G, and solidification rate, R, requires further research.

In recent years, the numerical simulation technique has made
spectacular progress as a powerful tool to help understand the metal-
based AM process. For example, Loh et al. [15] have studied the SLM
process by using a finite element model (FEM), with the focus on
powder to solid transition, volume shrinkage and material removal.
These physical phenomena made significant influence on temperature
field development. Foroozmehr et al. [16] have predicted the tem-
perature distributions and melt pool dimensions in a multi-tracks pat-
tern during one layer printing using a finite element simulation. They
found that the melt pool dimensions achieved the steady conditions
after the third track, and the melt pool depth stayed almost constant of
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2mm. Our group [17] have also investigated the thermal responses of
selective electron beam melting (SEBM) of Ti-6Al-4V alloy using a “Tri-
Prism” finite element method [18-20]. The temperature distributions,
temperature cycles and thermal gradient histories during the single
layer and multi-layer building process have been studied in detail. In
order to simulate the evolution of microstructure, a phase-field model
has been developed by Krill and Chen et al. [21,22] without explicitly
tracking of interface positions. It has been used for the analyses of
dendrite growth, including selective laser melting [23], welding [24]
and lithium battery [25-28], phase transformation [29,30], isothermal
grain growth [21,31] and recrystallization [32]. To further extend the
application field, we have developed a multiscale model [33] by in-
tegrating the finite element method and the phase-field model for the
simulation of grain growth during SEBM of Ti-6Al-4V. In this study, it
was found that peak temperature and steep thermal gradient were
formed near the melt pool, resulting in the development of large co-
lumnar and slanted inward grain structures. This ultimately led to the
anisotropic mechanical properties of as-built components. To alleviate
the mechanical anisotropy, we further studied the CET mechanisms of
grain structures during metallic additive manufacturing.

In this work, the CET mechanisms of grain structures are in-
vestigated by using a well-tested multiscale phase-field model (PFM)
[33] where heterogeneous nucleation, grain selection and grain epi-
taxial growth are considered during metallic AM. Two different scan-
ning strategies with various processing variables, performed in the ex-
periments [12,13], are used to generate a series of shapes of melt pool
with various solute and temperature distributions. The undercooling,
involving constitutional supercooling, thermal and curvature under-
coolings in the melt pool, is then correlated with the simulated grain
structures. Comprehensive analyses of these correlations uncover the
underlying mechanisms that govern the CET of AM metals.

2. Numerical model

Three dimensional numerical simulations, including heat and mass
transfer, as well as solidified grain growth in the melt pool, are per-
formed using a modified multiscale model based on our previous study
[32-34]. Specifically, the thermal responses at the macroscale are
predicted using the finite-element method, and the thermal information
extracted from thermal model is then input into the PFM to simulate the
grain development at the mesoscale.

As illustrated in Fig. 1a, the solidified grain growth can be either in
an epitaxial manner or resulted from the heterogeneous nucleation
[35,36]. The grain heterogeneous nucleation owing to the solute seg-
regation is newly incorporated in the present model, in addition to the
grain epitaxial growth involved in the published model [33]. The
dominance of each way essentially depends on the spatially localized

(@)

Nz

(b)

Ry L S

| ]

Rx

Melt pool

Additive Manufacturing 26 (2019) 22-29

solute and temperature fields in the melt pool, see Fig. 1b and c. As the
solute diffuses near the solid/liquid (S/L) interface, there is a decrease
of liquidus temperature, T, of the alloy, due to the solute accumulation,
Ct', at the front of grains that deviates from the reference solute con-
centration, Cy, i.e., the solute concentration of nominal alloy composi-
tion in the liquid. As a result, the constitutional supercooling, AT,
defined as the difference between the liquidus temperature, T;, and the
actual temperature, T, qq, OcCcurs in the mushy zone divided by the
liquidus (L) and solidus (S). Further considering the thermal under-
cooling, AT, generated as the solidification latent heat, and the cur-
vature undercooling, AT,, as usual, the total undercooling AT can be
expressed as follows [37]

L) Ah
AT = AT, + AT, + AT, = mCy(k — 1)| —————— | + =L, (B
t = mCy( )[1—(1—k)IV(PC)] o L, (B)
+2F
r’ )

where m represents the liquidus slope, k is the solid/liquid partition
coefficient, Ah, is the fusion enthalpy per unit volume, c, is the specific
heat, I represents the Gibbs-Thomson coefficient, the Ivantsov function
L(P) = Pexp(P)E(P), and the E(P) = [, exp(—t)/tdt, P, and P, are the
solutal and thermal Peclet numbers, respectively
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where D is the solute diffusion coefficient in the liquid, h represents the
thermal diffusivity of the melt, and r is the dendrite tip radius.

For rapid solidification process, such as selective laser melting and
electron beam melting, corresponding to a high Peclet number, the
dendrite tip radius can be calculated by the following equation [38]

r/iex |7

r=|——| .
mGF — G 3
where 0% = 1/4n? is the marginal stability constant, and G* is the ef-

fective concentration gradient. The solute concentration at the front of
grains, i.e., solidus phase line, is computed by

* Co

Cf=——"""—"7"-—,

1-Q1-kLE) 4
and the width of the mushy zone can be estimated from [39]

AT
S = —.

G (5)

It is note that G is the thermal gradient at each lattice site which
varies from the top to bottom of the melt pool. The solute

Fig. 1. (a) Schematic of grain nucleation and
growth near the melt pool. L and S are liquidus
and solidus, respectively. The mushy zone
consists of both liquid and solid phases, (b) and
(c) show the hypothetical solute concentration
and corresponding temperature profiles near
the solid/liquid interface. The horizontal axis
represents the distance from the front of grains
along solidification direction. 0 is the slope of

Mushy zone

the line of actual temperature, i.e., the thermal

AT gradient.
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Fig. 2. (a) Unidirectional line melting strategy for selective laser melting of In718 [12], (b) spot melting strategy for electron beam melting of In718 [13].

concentration, Cy, in mushy zone can be approximated as follows

G=Cf- (- C0<wsd, ©
in which, w represents the distance from the solidus phase line along
the direction of solidification.

In general, the heterogeneous nucleation is nearly instantaneous
and depends on the undercooling, especially for constitutional super-
cooling for rapid solidification [40-42]. A Gaussian distribution [43] is
used to characterize the density of heterogeneous nucleation as a

function of undercooling
AT n 1(AT — AT,
dAT' = — % exp| —=| ———2 | |daT’,
*/o' AT, 27 p[ 2( AT, )]
@

where ATy and AT, are the mean undercooling and standard deviation
of undercooling, respectively, n,,q, is the maximum density of nuclea-
tion sites. In this work, the ey is 9.0 x 10°m ™3, the ATy is 33.6 K, the
AT, is 5.0K [44,45] for In718 alloy.

Considering the nucleation distribution described in Eq. (7), the
density of new grains dn, formed in each time step is given by {n[AT(t)]-
n[AT(t - At)]}. Therefore, the probability of nucleation at each lattice
site can be written as

AT dn
n(AT):jO' o

(3

where V,, = dx® is the effective volume of each lattice site. A random
number, r,, within [0, 1] is generated by the computer at lattice sites
within the liquid region in each time step, and a new nucleus is formed
at the lattice site where r, < P,. Otherwise, nothing happens.

B, = 6nyVeo = {n[AT ()] = n[AT (¢ — AD)]}dx?,

3. Two scanning strategies for experimental and numerical
investigations

To explore the effect of the heterogeneous nucleation on the CET of
grain structures during metallic AM, two scanning strategies, including
line [12] and spot [13] melting, are developed to achieve the CET of
grain structures. As demonstrated by Parimi et al. [12], a laser uni-
directional line melting strategy, as shown in Fig. 2a, with laser power
390 W, laser scanning speed 400 mm-s~ ', and powder flow rate of
18 g min ! is used to obtain the CET of grain structures. In this strategy,
the laser is switched off between the layers for a time that is equal to the
one of a layer deposition (" 6 s). As the purpose of the investigation is to
capture the characteristic of CET of grain structures in the melt pool,
one-layer printing is simulated for the line melting strategy. The grain
growth pattern of multi-layer printing strategy and the relationship
between two layers had been discussed in our previous work [33].

Another strategy, a spot melting strategy, is first proposed by

24

Raghavan et al. [13], which can also acquire the CET or fully equiaxed
grain structures during metallic AM process. Fig. 2b depicts the spot
melting strategy that is used to manufacture the samples. In the spot
melting, the electron beam with beam voltage of 60 KV, current of 5 ~
20 mA is turned on at a point for a period of time (spot ON time) of 0.1
or 1.0 ms. Once the time period exceeds the spot ON time, the electron
beam jumps to the next spot according to the sequence described in
Fig. 2b. In order to clearly characterize the grain transition structures
and reduce computational cost, the process of melting and cooling of
single spot is simulated for the spot melting pattern.

The current model should be applicable to predict the CET of grain
structures for different materials, such as nickel-based and titanium-
based alloys, as long as the corresponding material parameters are
known. In this study, the In718 alloy is taken as deposited material for
both the experimental and numerical investigations. The physical
parameters used in the simulations are listed in Table 1.

4. Results and discussion
4.1. Grain morphologies and evolution mechanisms of CET

Fig. 3 shows the simulated and experimental [12] results of the
unidirectional line melting pattern with the scanning speed of
400 mm-s~ . Fig. 3a shows the grain morphologies in the melt pool
during In718 AM. It can be seen that the columnar grains grow epi-
taxially from the pre-deposited layer. However, the equiaxed grains
formed near the centerline of the melt pool gradually suppress these
columnar grains, thus giving rise to the CET of grain structures that is
consistent with the experimentally observed grain structures, see
Fig. 3b. Such a CET of grain structures is mainly attributed to the
heterogeneous nucleation at the tail of the melt pool, as demonstrated
in Fig. 3c, where the constitutional supercooling occurs due to the
difference of liquidus temperature induced by the variational solute

Table 1

Physical parameters of the In718 alloy [13,37,46].
Property (units) Symbol Value
Liquidus temperature (K) T, 1610.0
Solidus temperature (K) 1528.0
Specific heat (J’K™*mol ") I 42.42
Liquidus slope (K-(at%) ") m —3.50
Partition coefficient k 0.12
Solute concentration of Ni in liquid (wt%) Co 52.54
Thermal diffusivity (m?*s~1) h 6.0 x 10°°
Solute diffusion coefficient (m%s~1) D 3.0x10°°
Enthalpy of fusion (Jmol™hH Ah, 1.77 x 10*
Gibbs-Thomson coefficient (K'-m) r 1.4 x 1077
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Fig. 3. Results of the unidirectional line melting strategy, (a) and (b) numerical and experimental [12] grain morphologies in the melt pool, (c) nucleation at the tail
of the melt pool, and (d) schematic of the low and high nucleation zones. The yellow line shows the arc length from the top to bottom of the melt pool. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

concentration and actual temperature.

The quantitative analyses of the heterogeneous nucleation are
plotted in Fig. 4, in which the arc length represents the distance from
the top to bottom of the melt pool along liquidus in the longitudinal
section «N,OR,, (see the yellow curve in Fig. 3d). The mean under-
cooling is set as ATy = 33.6K [44] and the standard deviation as
AT, = 5.0K [45] for In718 AM. An important finding is that the un-
dercooling is relatively small (AT < 1.0K) at the bottom of the melt

(a)

(b)

pool. Therefore, it is not adequate to trigger the heterogeneous nu-
cleation physically, and the grain growth occurs in an epitaxial manner.
Accordingly, the probability of the heterogeneous nucleation is con-
siderably low as illustrated in the inset in Fig. 4a. The undercooling,
contributed mostly by the constitutional supercooling, is remarkably
increased when approaching the top or near the tail of the melt pool.
Specifically, when the distance to the tail is less than 0.78 x 10~ 3 m,
the undercooling gradually approaches the mean undercooling 33.6 K,
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Fig. 4. (a) Shows the undercooling and constitutional supercooling along the arc length. The area under the Gaussian distribution is the probability of heterogeneous
nucleation, (b) shows the thermal gradient and solidification rate along arc length, (c) presents the ratio of G/R at the tail of the melt pool near the S/L interface.
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and even reach 43.0 K. According to the probability analysis based on
Eq. (7), when the undercooling is larger than 33.6 K, the probability of
heterogeneous nucleation exceeds 50.0% and up to 97.0% that can be
considered as a high nucleation zone, as illustrated in the inset in
Fig. 4a again. Such a high probability of the heterogeneous nucleation
finally contributes to equiaxed grain growth near the tail of the melt
pool. This well explains why equiaxed grains form near the centerline of
the melt pool, as shown in Fig. 3a.

The CET of grain structures can further be interpreted by the
thermal gradient, G, and solidification rate, R, as plotted in Fig. 4b. The
effect of G is easily understood from Fig. 1c and the constitutional su-
percooling in the mushy zone decreases as G increase. In addition, the
large R is expected to cause the high solute concentration gradient,
which, in turn, increases the liquidus temperature gradient in the li-
quid, thus leading to the high constitutional supercooling. A ratio of ¢
= G/R is usually used to quantitatively evaluate their combined effect
on the undercooling. The G is relatively large near the bottom of the
melt pool (10%°~10° K'm 1), while the R is kept at a low value of about
1.0 x 107 *® m:s™ % Thus, the relatively large ratio ¢ (7.1 x 10® ~
2.2 x 107 Ksm~2) is presented at the bottom as plotted in Fig. 4c.
Based on the analyses above, such a large ¢ results in a small under-
cooling that subsequently suppresses the heterogeneous nucleation at
this region. When approaching to the top of the melt pool, the lowered
G and the enhanced R cause a decrease in ¢ accordingly, with a value
about 3.1 x 10°> K'sm™~2 Such a relatively small ¢ makes the under-
cooling increase, even up to 43.0K, thus contributing to a high prob-
ability of nucleation.

The grain orientations of new nuclei are selected randomly, as
shown in Fig. 3a, thus leading to a random texture in the equiaxed
grains. On the other hand, competitive growth of grains with different
orientations occurs during the epitaxial grain growth. The grains closely
aligned with the maximum thermal gradient direction, i.e., the N,-di-
rection, are found to dominate the epitaxial grain growth due to the
grain selection. Here, only a single layer is simulated for the mechanism
demonstration, and the similar grain growth processes take place
during the printing of subsequent layers.

Fig. 5 exhibits the numerical and experimental [13] grain
morphologies in the melt pool during In718 AM with the spot melting
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pattern. Clearly, the spot melting strategy produces the fine equiaxed
grains with random orientations, which agree closely with the experi-
mental observations made by Raghavan et al. [13]. The formation of
the fine equiaxed morphology is rationalized by the thermal informa-
tion, i.e., the undercooling that controls the heterogeneous nucleation
in the melt pool, see Fig. 5c.

Fig. 6a presents the quantitative data about the undercooling, in-
cluding constitutional supercooling, thermal and curvature under-
coolings. It is readily observed the undercooling is comparably large
with a minimum value around 40.5 K, which is larger than the mean
undercooling ATy of 33.6 K for IN718. Consequently, the probability of
the heterogeneous nucleation is certainly high (= 91.6%) that con-
tributes to the fine equiaxed grain growth during rapid solidification.
Further, it can be seen that the thermal gradient is low in the range of
1038~ 10*° K'm ™1, and the solidification rate shows little change and
stays around 10™7® m's ™!, as described in Fig. 6b. The reason for the
low thermal gradient possibly is the natural preheating by the adjacent
spots, before the heat source jumps to this spot for the melting. Such a
low G then gives rise to a small ratio ¢, with a maximum value of
4.6 x 10° K'sm?, see Fig. 6¢, that makes the undercooling much larger
than the mean undercooling ATy.

4.2. G - R map of solidified grain structures

Fig. 7a shows the G Vs R plot on a map of solidified grain structures
for IN718 [7,14]. The simulation results, red circles (spot melting) and
cruciate dots (line melting), are obtained under different preheating
temperatures and scanning speeds. For purpose of comparison, the
experimental results with cyan triangle and black pentagram are
plotted in Fig. 7a for spot [13,14] and line melting [14,47,48], re-
spectively. To systematically demonstrate the CET of grain structures in
the melt pool, the representative results are presented in Fig. 7b—d for
the spot melting, and Fig. 7e and f for the line melting with different
building conditions.

It can be clearly seen that grains in the upper-left region are co-
lumnar, while the grains in the right-lower region are almost equiaxed.
Increasing scanning speed (see the yellow arrow) and rising preheating
temperature (see the green arrow) can reduce the temperature gradient

Fig. 5. Results of the spot melting strategy, (a) and (b) nu-
merical and experimental [13] grain morphologies in the melt
pool, (¢) nucleation near the S/L interface, and (d) schematic of
the high nucleation zones. The yellow line shows the arc length
from the top to bottom of the melt pool (For interpretation of
the references to colour in this figure legend, the reader is re-
ferred to the web version of this article).

001 101



P. Liu et al.

Additive Manufacturing 26 (2019) 22-29

55 - T 1040
m Undercooling High Nucleation
g 50 ¢ Constitutional supercooling 1015
B %
&b 45 | g &
-g Ll
=) 2102 =
S o) 5
g High nucleation © 1016 =
=35} ® Thermal gradient
¢ Solidification rate
30 ¢ . : 1078 : : 1047
1.5 1.0 0.5 0 1.5 1.0 0.5 0
Arc length/ (m) X107 Arc length/ (m) X103
x103
© — '
¢ Ratio of G/R
4.5
: = .
15 igh nucleation ]
~ 3.5
w
2.5 T
L5 1.0 0.5 0

Arc length/ (m) %1073
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Fig. 7. The temperature gradient, G, Vs solidi-
fication rate, R, plot on a solidification map
[7,14] of IN718. The simulation results, red
circles (spot melting) and cruciate dots (line
melting), are obtained under different pre-
heating temperatures and scanning speeds. The
experimental results are shown with cyan tri-
angle and black pentagram for spot [13,14] and
line melting [14,47,48], (b) - (d) show the re-
presentative grain morphologies in the melt
pool for the spot melting strategy under varia-
tional preheating temperatures, similarly, the
representative grain morphologies in the melt
pool for the line melting strategy with in-
creasing scanning speeds are shown in (e) and
(f) (For interpretation of the references to colour
in this figure legend, the reader is referred to the
web version of this article).
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and increase the solidification rate, so as to move the G-R map from the
columnar towards the equiaxed grain patterns. Specified to the line
melting strategy, with the increase of scanning speed from 0.02 to 0.8
ms~ !, the thermal gradient decreases from 8.0 x 10° to 6.0 x 10*
K'm™'. As a result, the columnar grain structures (see Fig. 7e) gradually
turn into the CET of grain structures (see Fig. 7f). Note that, it is dif-
ficult to fabricate the fully equiaxed grain structures by simply im-
proving scanning speed, in which case other physical issues may arise,
such as lack-of-fusion porosity, keyholing porosity and increased sur-
face roughness [49-52].

The spot melting pattern provides a promising approach to manu-
facture the CET of grain structures, even for the fully equiaxed grain
structures owing to the low thermal gradient (even < 10* K'm™1). The
major reason lies in the preheating of adjacent spots before the electron
beam jumps to one specific spot. If we increase the preheating tem-
perature simultaneously, such a combined effect even more reduces the
thermal gradient. For example, when the preheating temperature is set
as a high value of 1528.0 K, and the electron beam power and spot on
time are 1.2 KW and 1.0 ms, respectively, the thermal gradient even
drops down to 3.0 X 10% K'm 1. This small thermal gradient produces a
large undercooling and a high probability of heterogeneous nucleation
that preferably form the fine equiaxed grain structures, as shown in
Fig. 7d.

5. Conclusion

In summary, by using the well-tested multiscale PFM, we have un-
covered how the CET of grain structures is formed during metallic AM.
Using IN 718 as an example that is built by two strategies of spot and
line melting, we demonstrate the CET of AM metals is critically con-
trolled by the undercooling, mostly contributed by the constitutional
supercooling in the melt pool, which dictates the extent of hetero-
geneous nucleation with respect to the grain epitaxial growth during
rapid solidification. Increasing scanning speed and/or rising preheating
temperature are found to reduce the temperature gradient and increase
the solidification rate, thus leading to the large undercooling with a
high probability of heterogeneous nucleation that contributes to the
CET of grain structures. In particular, we found the spot melting pre-
sents a very low thermal gradient (< 10* K'm ') due to the preheating
effect from the local reheating of adjacent spots, thus making it as a
promising way to achieve the fine equiaxed grain structures.
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